The intestinal epithelium is in a constant state of turnover, with cells differentiating at the crypts and then migrating toward the tips ofthe villi. Does substrate-dependent regulation of intestinal Na+/D-glucose cotransporters occur only in crypt cells, or can transport activity be subsequently reprogrammed in mature enterocytes? We used in situ, glucose-protectable specific phlorizin binding to determine site density of brush border glucose transporters in enterocytes fractionated along the crypt/villus axis of mice that were killed shortly after drastic changes in carbohydrate levels of their diets. Dietary carbohydrate-induced changes in site density of specific phlorizin binding initially appeared only in crypt cells before spreading, over the course of several days, to the villus tips. Thus, only crypt cells perceive the signal for glucose transporter regulation, and the observed time lag of dietinduced changes in intestinal glucose uptake is due mainly to cell migration times.
only in crypt cells, or can transport activity be subsequently reprogrammed in mature enterocytes? We used in situ, glucose-protectable specific phlorizin binding to determine site density of brush border glucose transporters in enterocytes fractionated along the crypt/villus axis of mice that were killed shortly after drastic changes in carbohydrate levels of their diets. Dietary carbohydrate-induced changes in site density of specific phlorizin binding initially appeared only in crypt cells before spreading, over the course of several days, to the villus tips. Thus, only crypt cells perceive the signal for glucose transporter regulation, and the observed time lag of dietinduced changes in intestinal glucose uptake is due mainly to cell migration times.
Within a day, a high-carbohydrate (HC) diet stimulates intestinal D-glucose transport, and a high-protein diet stimulates intestinal amino acid transport. Increased intestinal absorption of D-glucose is due solely to specific, parallel increases in number of intestinal brush border Na+/Dglucose cotransporters (1, 2) and in number and activity of basolateral, facilitated D-glucose transporters (3); no other mechanism such as a change in intestinal mass, solvent drag, passive permeability, or Na+ gradient need be involved (4, 5) . Does induction of transporters take place only in developing enterocytes at the base of the intestinal crypts, or can it also occur in mature enterocytes near the tips of the vili? A similar question has already been asked for substratedependent induction of sucrase (6, 7) . This uncertainty about substrate-dependent regulation of transporters arises because of the rapid state of turnover of small intestinal cells. The absorptive cells of the small intestine are heterogeneous: stem cells at the base ofthe crypt simultaneously differentiate and migrate up the villus column before eventually being sloughed offat the tip (Fig. 1) . In mouse intestinal epithelium, the migration from crypt base to villus tip takes 2-3 days (8).
The time lag between switching a mouse onto a HC diet and the first appearance of enhanced sugar transport is between 12 and 24 h (4) and is consistent with two alternative hypotheses: (i) induction of transporters only in developing crypt cells and not in mature villus cells, or (ii) induction of transporters in cells of all ages. By the first hypothesis, induction would be rapid and the lag would be due to cell migration times; by the second hypothesis, the lag would be due to induction itself. Determining site density of transporters in enterocytes at short times after a diet switch would enable us to distinguish between the two hypotheses. If only crypt cells respond to changes in luminal carbohydrates, we
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S. times, so that a total of four groups were sacrificed for each time interval. In the second series, 16 mice were initially fed a HC diet for 2 weeks, segregated into four groups of four mice each as described above, and their diet was switched to NC. One group was sacrificed at each of the following times after the diet switch: 0 (control), 24, 72, and 168 h. This procedure was also repeated four times.
Cell Fractionation. We separated cells along the crypt/ villus axis by the Weiser (9) method as modified by Ferraris et al. (12) . Briefly, the everted jejunums of three mice (a fourth was held in reserve) were incubated in 1 mM EDTAcontaining phosphate-buffered solutions (PBS; 130 mM NaCl/2.7 mM KCl/8.1 mM Na2HPO4/1.5 mM KH2PO4, pH 7.3) placed in a shaker/water bath set at 37°C and 90 Hz. Dissociated cells were collected in ice-cold PBS after the jejunal tissues were transferred from one solution to the next; the time of incubation per solution depended on the amount of cells dissociated. Enterocytes were fractionated into 10 fractions. Adjacent fractions were combined, and cells in the resulting 5 fractions were considered sequentially removed from villus tip, upper villus, midvillus, crypt/villus junction, and crypt ( Fig. 1) .
Phlorizin Binding. The plant glycoside phlorizin is an impermeant, competitive inhibitor ofactive glucose transport in the apical membrane of intestinal cells. It has a much greater affinity for the glucose carrier than does glucose itself, and phlorizin binding is an excellent measure of glucose transport site density. We followed the method described in detail by Ferraris et al. (12) RESULTS AND DISCUSSION Body Weight and Intestinal Length. As in previous studies, our experimental diets maintain body weights and yield similar intestinal lengths. Two-way ANOVA showed that body weight at the time of sacrifice was independent of diet (P = 0.69) and time after diet switch (P = 0.40). Body weights regardless ofdiet were 37.2 + 0.8 (n = 24) g for mice switched att = 0; 37.6 + 0.8(n = 24)gatt = 12and24h; 36.7 ± 0.6 (n = 24) g at t = 36 and 72 h; and 38.4 + 0.8 (n = 24) g for t = 156 and 168 h. Intestinal length was independent of diet (P = 0.64) and time after diet switch (P = 0.84). Average intestinal length for all mice used in this experiment was 46.2 ±1.0 (n = 80) cm.
Sequential Removal of Crypt/Villus Ceils. Alkaline phosphatase activity along the crypt/villus axis. We assayed the alkaline phosphatase activity of each cell fraction to demonstrate successful sequential removal of cells along the crypt/ villus axis (Fig. 2) . Two-way ANOVA showed that in mice switched from NC to HC, there was a highly significant effect ofcrypt/villus position (P < 0.0001) and time after diet switch (P < 0.0001) on specific alkaline phosphatase activity. Mean specific alkaline phosphatase activity (,umol per min per mg of protein) regardless of crypt/villus position was greater at t = 0 (0.84 ± 0.10) than at other times (for t = 12 h, 0.49 ± 0.09; for t = 36 h, 0.34 ± 0.04; and for t = 156 h, 0.49 ± 0.06) (n = 20 in each case).
In mice switched from HC to NC, there were also highly significant effects of crypt/villus position (P < 0.0001) and time after switch in diet (P < 0.0001) on specific activity of alkaline phosphatase. Mean specific activity (,umol These specific activities and a tendency for NC diets (which contain high protein) to stimulate alkaline phosphatase activity are similar to those reported earlier for mouse small intestine (8).
Other types ofevidence. Fig. 2 (12) . By autoradiography, glucose-protectable phlorizin binding increased (P < 0.05 in each case) by 2.0 ± 0.5 times in the villus tips, by 2.9 ± 1.0 times in the upper villus, by 2.9 ± 0.6 times in the midvillus, by 4.0 ± 2.3 times in the lower villus, and by 18 ± 9 times in the crypt. Total specific binding along the whole HC villus was also higher by 2.9 ± 0.6 times that of the NC vilus (P < 0.001).
By specific phlorizin binding in isolated enterocytes, we also showed that the HC diet increased (P = 0.005-0.06, depending on position along the crypt/villus axis; one-tailed t test) specific phlorizin binding by 2.0 ± 0.4 times in the villus tip, 2.7 ± 0.9 times in the upper villus, 1.8 ± 0.5 times in the midvillus, and 6.3 ± 4.8 times in the crypt. We (Fig. 3) .
The crucial evidence in this study is found in the transient values at t = 12 h and at t = 36 h. At t = 12 h after a switch to a HC diet, crypt cells significantly (P < 0.05) doubled (99 ± 19 pmol per mg of protein) their number of D-glucose transporters, whereas that of villus tip cells remained close to the value at t = 0 (Fig. 3 (16) showed that mRNA for the sodium-dependent glucose transporter (SGLT1) is 6-fold more abundant in rabbit villus cells than in crypt cells, paralleling the crypt/villus gradient ofglucose transport. Levels of specific sucrase activity along the crypt/villus axis are tightly correlated with levels of sucrase mRNA (17). In contrast, Smith et al. (18) found that phlorizin-sensitive glucose uptake along the rabbit crypt/ villus axis is not correlated with SGLT1 mRNA levels.
The high-affinity phlorizin site responsible for most glucose transport begins to be expressed when those crypt cells reach the lower villus and becomes fully expressed in the midvillus. Only when the cell population in the terminal villus regions begins to change do we see a change in the transport capacity ofthe intact small intestine. Thus, the observed time lag for dietary regulation of glucose transport is due mainly to cell migration rates. At the end of a cell lifetime (W68 h), the cell population of the whole length of villus has been renewed, and the change to a new set of cells with a different number of transporters is then completed.
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